Abstract The mevalonate pathway plays an important role in providing the cell with a number of essential precursors for the synthesis of biomass constituents. With respect to their chemical structure, the metabolites of this pathway can be divided into two groups: acyl esters [acetoacetyl CoA, acetyl CoA, hydroxymethylglutaryl (HMG) CoA] and phosphorylated metabolites (isopentenyl pyrophosphate, dimethylallyl pyrophosphate, geranyl pyrophosphate, farnesyl pyrophosphate). In this study, we developed a method for the precise analysis of the intracellular concentration of acetoacetyl CoA, acetyl CoA and HMG CoA; and we used this method for quantification of these metabolites in Saccharomyces cerevisiae, both during batch growth on glucose and on galactose and in glucose-limited chemostat cultures operated at three different dilution rates. The level of the metabolites changed depending on the growth phase/ specific growth rate and the carbon source, in a way which indicated that the synthesis of acetoacetyl CoA and HMG CoA is subject to glucose repression. In the glucose batch, acetyl CoA accumulated during the growth on glucose and, just after glucose depletion, HMG CoA and acetoacetyl CoA started to accumulate during the growth on ethanol. In the galactose batch, HMG CoA accumulated during the growth on galactose and a high level was maintained into the ethanol growth phase; and the levels of acetyl CoA and HMG CoA were more than two-fold higher in the galactose batch than in the glucose batch.
Introduction
The mevalonate pathway plays an important role in providing precursors for isoprenoids. The pathway involves more than 20 distinct reactions initiated with acetyl CoA and proceeding through farnesyl pyrophosphate (FPP), a branch-point intermediate for terpenoids and sterols (Fig. 1) . There are many different types of isoprenoids serving a number of different functions, such as sterols having a role in maintaining membrane fluidity, hormones and bile acids, carotenoids, antioxidants, ubiquinones and hemes involved in electron transport and dolichols involved in protein glycolsylation (Lees et al. 1997; Daum et al. 1998; Michal 1999) . There is a widespread industrial interest in isoprenoids as they serve as flavors (e.g., limonene), fragrances (e.g., geraniol, citranellol), and anticancer agents (Burke et al. 1997; Crowell 1999) . Since many bioactive compounds diverge from the mevalonate pathway, there is a great interest for deregulating the flux through this pathway via metabolic engineering. For industrial production, yeast is an interesting cell factory as it is well suited for large-scale fermentation and has been approved for the production of compounds used both as food ingredients and as pharmaceuticals (reviewed by Barkovich and Liao 2001) . In order to design a yeast platform that can serve as an efficient cell factory for the production of different isoprenoids, it is necessary to ensure an efficient precursor supply; and in this context it is important to understand how the in vivo flux through the pathway is regulated. Robust methods for the analysis of pathway intermediates are required to obtain fundamental insights into the regulation of in vivo fluxes. In this study, we developed a method for the quantitative analysis of the first three intermediates of the mevalonate pathway. Employing this method, we analyzed the levels of the CoA esters during different growth conditions of Saccharomyces cerevisiae.
Previously described extraction methods for mevalonate pathway intermediates are designed mostly for plant or animal tissues. Since the metabolites in the pathway have a wide diversity of structural and physical properties, ranging from relatively large acyl CoA esters [e.g., hydroxymethylglutaryl (HMG) CoA] to a relatively small carboxylic acid (mevalonic acid) and diphosphate esters [e.g., isopentenyl pyrophosphate (IPP)], most methods described in the literature focus on the analysis of a single group of metabolites, e.g., acyl esters in rat liver and Escherichia coli (Hosokowa et al. 1986; Bucholz et al. 2001) , phosphorylated acyl esters in mice and rat livers (Bruenger and Rilling 1988; Zhang and Poulter 1993) , or mevalonic acid in embryonic Drosophila cells, human plasma and human urine (Watson et al. 1985; Scoppola et al. 1991; Yoshida et al. 1993; Siavoshian et al. 1995; Woolen et al. 2001) . Apart from these studies, a procedure for the analysis of intermediates from acetyl CoA through FPP has been developed for peppermint trichomes (McCaskill and Croteau 1993) , but there are no reports on the analysis of all intermediates in microbial cells.
Materials and methods

Strain
The prototrophic strain S. cerevisiae CEN.PK 113-7D was used throughout this study.
Cultivation in bioreactors
Batch cultivations were carried out in bioreactors with a working volume of 4 l. The operating conditions were pH 6, 30°C, 800 rpm and 4 l min −1 airflow. The medium consisted of glucose (20 g l )]. The bioreactors were inoculated with a small amount of exponentially growing preculture to an initial cell mass concentration of 0.2 g l −1 (dry weight). The precultures were grown in 100 ml medium in a 500-ml baffled shake-flask at 30°C and 150 rpm in the same medium as for the batch cultivations, except that the ammonium sulfate concentration was 7.5 g l −1
, the potassium dihydrogen phosphate concentration was 14.4 g l −1
, the glucose concentration was 10 g l −1 and the pH was adjusted to pH 6.5. Continuous cultivations were carried out in 1-l bioreactors (Applikon) operated at three different dilution rates (0.05, 0.1, 0.2 h
−1
). The operating conditions were pH 5, 30°C, 800 rpm and 1 l min −1 airflow. The bioreactors were started up as a batch reactors with 20 g l −1 initial glucose to build up the biomass to a certain level before the reactors were switched to continuous mode. The medium used for continuous cultivations was the same as for the batch cultivations, except that the glucose concentration was 7.5 g l −1
.
Chemicals
All standards, tetrabutylammonium sulfate (TBAS) and dithiothreitol (DTT) were purchased from Sigma. The methanol was HPLC grade, from Merck. All other chemicals were from Sigma or Merck, if not mentioned specifically. Biomass, sugar and extracellular metabolite measurements Optical density was measured at 600 nm (OD 600 ) in a Hitachi U-1100 spectrophotometer throughout the batch cultivations. Biomass dry weight concentration was measured by filtering a known culture volume of fermentation broth through a 0.45-μm nitocellulose filter (Gelman Sciences) and measuring the dry weight of the filter after drying in a microwave oven (10 min, 180 W); and a correlation between OD 600 and dry cell mass concentration was obtained. The concentrations of glucose, galactose, ethanol, glycerol and acetate were determined by HPLC, using an Aminex HPX-87 column (Bio-Rad). The column was kept at 65°C and eluted at 0.6 ml min −1 with 5 mM H 2 SO 4 . Glucose, galactose, glycerol and ethanol were detected refractometrically (Waters 410 differential refractometer) and acetate was detected spectrophotometrically (Waters 486 turnable absorbance detector, 210 nm).
Extraction and detection of intracellular metabolites
The acid extraction method designed for detecting acyl CoA esters from rat liver (Hosokowa et al. 1986 ) was modified for yeast cells. The samples were taken into cold methanol at −35°C, pelleted, washed and centrifuged at −20°C (4,000 rpm, 10 min). After the addition of 8.4% HClO 4 with 2 mM DTT, samples were shaken for 10 min at 1°C with glass beads in a bead mill and centrifuged (20,000 g, −15°C, 10 min). The pH of the supernatant was balanced to pH 3 with cold 5% KOH on ice and the precipitate was removed by centrifugation (20,000 g, −15°C, 10 min). Metabolites were concentrated by lyophilization at low temperature (−56°C) in a freezedryer (Christ Alpha) for 14 h. The dried residue was dissolved in cold milliQ water, centrifuged and filtered through a 0.45-μm filter (Advantec MFS). The extracts were kept at −80°C until HPLC analysis. Reversed-phase ion-pair HPLC (RP-IPC) was used (modified from McCaskill and Croteau 1993). The mobile phase was 20% Solvent A +80% Solvent B in linear gradient for 25 min. Solvent A and Solvent B, respectively, were 10 mM TBAS in water and 10 mM TBAS in 70% methanol. The equipment was an Agilent HPLC1100, a DAD G1315A detector, a Phenomenex Luna C18 column (4.6×150.0 mm, 5 μm), the column temperature was 25°C, the flow rate was 0.75 ml min −1 and the detection wavelength was set at 210 nm. A stock solution of 200 mM ion-pair reagent TBAS was prepared and the pH was adjusted to pH 6 with solid Na 2 HPO 4 . Solvent A and Solvent B were prepared from this stock solution. The standards were prepared in 10 mM TBAS.
Results
Extraction and mobile phase
The method designed to extract acetyl CoA, acetoacetyl CoA and HMG CoA using cold perchloric acid extraction (Hosokowa et al. 1986 ) was found to be reproducible for yeast cells. It was tested by treating standards with the extraction procedure and more than 90% of the metabolites were recovered. The detection limit was found to 0.8 μM for each metabolite at 210 nm. Metabolite levels determined in independent chemostat cultures had a relative standard deviation between 3% and 20% (three cultivations at each dilution rate), illustrating the ability to measure the level of these metabolites relatively precisely. Even though the extraction method was designed for acyl esters, which are acid-stable but are labile in alkaline conditions, dimethylallyl pyrophosphate and IPP were also detected in the samples (data not shown).
The technique of RP-IPC converts the charged polar moieties of CoA into a neutral, less polar form amenable to analysis via the RP-HPLC mode. In this way, the negatively charged phosphate groups of the CoA molecule (at pH 5-7) are neutralized by a positively charged lipophilic counter-ion (TBAS), dissolved in the mobile phase, to form an associated ion pair that is able to partition into the lipophilic stationary phase of the HPLC column. Elution of the ion pair is brought about by increasing the solvent strength (methanol concentration) of the mobile phase. The choice of a C18 HPLC column is dictated by the tendency of ion-pair reagents to aggressively attack silica-based packing materials and by the tendency of acidic metabolites to bind to underivatized sites on the silica (Beyer et al. 1985) .
Acetyl CoA, acetoacetyl CoA and HMG CoA levels during batch growth on glucose and galactose Acetyl CoA, acetoacetyl CoA and HMG CoA levels were measured during batch cultivations with glucose and galactose as sole carbon source (Fig. 2) . The samples were taken from the beginning of the logarithmic growth phase (OD 600 =1.0, corresponding to 0.2 g l −1
, dry weight) and until 20 h after entry into the stationary phase. There was a sequential metabolite accumulation and degradation during the cultivation, both with glucose and with galactose as carbon source. During growth on glucose, the only metabolite detected in the first logarithmic phase was acetyl CoA, whereas both HMG CoA and acetoacetyl CoA were below the detection limit. The level of acetyl CoA peaked during growth on glucose, whereas HMG CoA and acetoacetyl CoA peaked during the subsequent growth on ethanol (Fig. 2a) . The HMG CoA accumulation occurred when the level of acetyl CoA decreased; and it started to accumulate during the end of the first logarithmic phase when the extracellular concentrations of ethanol and acetate reached their maximum (Fig. 2b) .
In the case of the galactose batch, the level of HMG CoA started to increase in the same growth phase in which the level of acetyl CoA increased, namely the first logarithmic phase. However, the increase in the HMG CoA level continued into the next phase of the batch cultivation (Fig. 2c) . When the galactose was completely consumed, both acetyl CoA and HMG CoA decreased rapidly to a low level, after which there was a slow decrease during the rest of the cultivation (Fig. 2c,d ). The level of acetoacetyl CoA was low and approximately constant throughout the cultivation.
Acetyl CoA, acetoacetyl CoA and HMG CoA levels in chemostats
In order to evaluate the influence of the specific growth rate on the metabolite levels, acetoacetyl CoA, acetyl CoA and HMG CoA were measured in glucose-limited chemostat culture operated at dilution rates of 0.05, 0.1 and 0.2 h −1 (the dilution rate is equal to the specific growth rate in a glucose-limited chemostat at steady state; Fig. 3) .
It was observed that the specific growth rate drastically affected the acyl CoA ester pool sizes. The acetyl CoA level increased with the specific growth rate, i.e., it was 0.039, 0.18 and 0.242 mg g −1 dry weight at the steady Fig. 3 The intracellular concentrations of acetoacetyl CoA, acetyl CoA and HMG CoA in S. cerevisiae grown in glucose-limited chemostat cultures at different dilution rates. The metabolism was fully respiratory at the investigated dilution rates with biomass yields of 0.50±0.01 g biomass g −1 glucose. Three independent cultivations were performed at each dilution rate; and the standard deviation on the metabolite determinations is given as error bars in the figure states of 0.05, 0.1 and 0.2 h −1 , respectively. The HMG CoA level changed in the opposite direction, such that it was highest at 0.05 h −1 (0.236 mg g −1 dry weight), decreased more than 20-fold at 0.1 h −1 (0.008 mg g −1 dry weight) and was not detectable at 0.2 h −1
. Also in the continuous culture, there were small changes in the absolute levels of acetoacetyl CoA, but there was a significant change in the relative level with the specific growth rate.
Discussion
The mevalonate pathway is the main pathway for the synthesis of numerous metabolites that serve important cellular functions. From our analysis of the levels of the first three metabolites of this pathway, i.e., acetoacetyl CoA, acetyl CoA and HMG CoA, during different growth conditions, we found that this pathway is likely to be subject to glucose repression. There was a sequential metabolite accumulation and degradation, during the metabolism of both glucose and galactose; and the intracellular level of these metabolites was affected by the carbon source, the growth phase and the specific growth rate. For the glucose batch, acetyl CoA, the first metabolite of the pathway, was the only metabolite that accumulated during growth on glucose. However, when glucose was depleted, there was a clear and significant increase in the level of HMG CoA and acetoacetyl CoA, whereas both these metabolites were only present at low levels during the first logarithmic phase. The role of the carbon source is illustrated by the fact that, for the batch culture on galactose, HMG CoA started to accumulate during the first logarithmic growth phase, just like acetyl CoA, and there was a sharp decrease in the HMG CoA level when galactose was depleted. Furthermore, both the initial levels and the highest levels of acetyl CoA and HMG CoA were more than two-fold higher in the galactose batch compared with the glucose batch. The difference in the HMG CoA level for the two batch cultivations could be due to differences in specific growth rate, but as it was found from the chemostat experiments that the HMG CoA level decreased with the specific growth rate, the lower HMG CoA level in the glucose batch could most likely be explained by a repression effect and not a specific growth rate effect. Concerning the level of acetoacetyl CoA, this was highest during growth on ethanol, in the glucose batch. As the level of acetoacetyl CoA increased with the specific growth rate in the chemostat experiments, the higher level of this metabolite during growth on ethanol could not be explained by a specific growth rate effect, which also indicated a glucose repression effect or a positive effect of ethanol.
The above indications of glucose repression on the first reactions of the mevalonate pathway are consistent with known regulatory mechanisms. For the first reaction of the pathway, there are two acetyl CoA synthetase isoenzymes; and the genes coding for these isoenzymes are regulated differentially. ACS1 is repressed during growth on glucose and ethanol, while ACS2 is induced during growth on ethanol. Furthermore, ACS1 transcription is maximal during growth on acetate, whereas ACS2 transcription is repressed on this carbon source. Formation of acetyl CoA is strictly controlled, as it serves as the main precursor for the synthesis of many building blocks within the cell, e.g., fatty acids, amino acids and sterols. Acetyl CoA is produced and consumed in the mitochondria, cytosol and peroxisomes; and the corresponding genes for the transport of the acetyl moiety across the organelle membranes are repressed by glucose and induced by C2 compounds (van den Berg et al. 1996 (van den Berg et al. , 1998 .
In addition to repression effects, there is also regulation of the flux through the mevalonate pathway at the enzyme level. Acetoacetyl CoA causes substrate inhibition of HMG CoA synthase (Charlier et al. 1997) . HMG CoA reductase, the enzyme using HMG CoA as substrate, is the most studied step in the mevalonate pathway and a major site of regulation in the ergosterol pathway in yeast. The activity of the yeast enzymes has been shown to be subject to catabolite repression, to feedback inhibition by ergosterol and to induction by unsaturated fatty acids and glucose (Quain and Haslam 1979; Lees et al. 1997) . Together with the decrease in the acetyl CoA level, the main increase in the level of HMG CoA started when the glucose was totally consumed. Boll et al. (1980) reported that the activity of HMG CoA reductase was very low in anaerobically grown yeast cells and it increased severalfold when the cells were aerated in the presence of an easily fermentable carbon source. The increase in the activity of HMG CoA reductase was at least four-fold higher when glucose was added than when acetate was added. They also stated that there was a close correlation between the activity of the galactose-metabolizing enzymes and the efficiency of galactose to serve as a carbon source for sterol synthesis, which requires HMG CoA reductase activity. In accordance with these reports, the initial and highest levels of acetyl CoA and HMG CoA were at least two-fold higher in the galactose batch compared with the glucose batch (Fig. 2a,c, respectively) .
Even though our results represent only indications of the complex regulatory mechanisms within the mevalonate pathway, the data on the levels of these metabolites present new and valuable information about the dynamics of this pathway. If one can assume that the sterol content is constant in the yeast cells, the flux through the pathway will be well correlated with the specific growth rate. An assumption of constant sterol content is likely to be reasonable for certain growth conditions, e.g., glucose limited growth conditions, whereas the sterol content probably varies between growth on glucose (and galactose) and ethanol. From the chemostat experiments, we can therefore conclude that there is likely to be an inverse relationship with the level of HMG CoA and the flux through the pathway, whereas there seems to be a positive correlation between the levels of acetyl CoA and acetoacetyl CoA and the flux.
